This study sought to investigate the effect of endothelial dysfunction on the development of cardiac hypertrophy and fibrosis.
Background
Endothelial dysfunction accompanies cardiac hypertrophy and fibrosis, but its contribution to these conditions is unclear. Increased nicotinamide adenine dinucleotide phosphate oxidase-2 (NOX2) activation causes endothelial dysfunction.
Methods
Transgenic mice with endothelial-specific NOX2 overexpression (TG mice) and wild-type littermates received long-term angiotensin II (AngII) infusion (1.1 mg/kg/day, 2 weeks) to induce hypertrophy and fibrosis.
Results
TG mice had systolic hypertension and hypertrophy similar to those seen in wild-type mice but developed greater cardiac fibrosis and evidence of isolated left ventricular diastolic dysfunction (p < 0.05). TG myocardium had more inflammatory cells and VCAM-1-positive vessels than did wild-type myocardium after AngII treatment (both p < 0.05). TG microvascular endothelial cells (ECs) treated with AngII recruited 2-fold more leukocytes than did wild-type ECs in an in vitro adhesion assay (p < 0.05). However, inflammatory cell NOX2 per se was not essential for the profibrotic effects of AngII. TG showed a higher level of endothelial-mesenchymal transition (EMT) than did wild-type mice after AngII infusion. In cultured ECs treated with AngII, NOX2 enhanced EMT as assessed by the relative expression of fibroblast versus endothelial-specific markers.
Conclusions
AngII-induced endothelial NOX2 activation has profound profibrotic effects in the heart in vivo that lead to a diastolic dysfunction phenotype. Endothelial NOX2 enhances EMT and has proinflammatory effects. This may be an important mechanism underlying cardiac fibrosis and diastolic dysfunction during increased renin-angiotensin activation. Endothelial dysfunction accompanies conditions such as hypertension that predispose to adverse cardiac remodeling and predicts future cardiovascular morbidity (1) . As well as modulating vascular function, the endothelium has direct effects on cardiac function (2) (3) (4) . Pioneering work by Brutsaert (3) and co-workers demonstrated that cardiac endothelial cells (ECs) directly influence myocardial contraction, a concept later confirmed in humans in vivo (5) .
The importance of endothelial-cardiomyocyte crosstalk has been demonstrated in several disease settings (3, 6) . However, the role of endothelial dysfunction in the pathogenesis of adverse cardiac remodeling caused by increased reninangiotensin activation remains unclear.
A major driver of endothelial dysfunction is the reactive oxygen species (ROS)-generating enzyme, nicotinamide adenine dinucleotide phosphate (NADPH) oxidase-2 (NOX2), which is activated by angiotensin II (AngII) and other agonists (7) . NOX2 is expressed in endothelium, as well as cardiomyocytes, adventitial fibroblasts, inflammatory cells, and conduit vascular smooth muscle cells. Vascular NOX2 expression and activity are increased in hypertension, in which NOX2 modulates intracellular signaling pathways that promote vascular remodeling, contributes to vasodilator dysfunction through superoxidemediated inactivation of nitric oxide, and may have proinflammatory effects (7) .
To investigate the pathophysiological roles of endothelial NOX2, the authors generated a transgenic mouse model with endothelial-specific NOX2 overexpression (TG) (8) . This model has a 2-fold increase in endothelial NOX2 protein levels and displays augmented NOX2 activation in response to AngII. Here, we used this model to investigate the effects of endothelial NOX2 activation on the development of cardiac hypertrophy, fibrosis, and dysfunction during chronic AngII elevation.
Methods
Detailed methods are provided in the Online Appendix.
Animal experiments complied with U.K. Home Office regulations. Male TG mice (8) were compared with wild-type littermates. Chimeric mice were generated by bone marrow (BM) transplantation (9) . AngII (1.1 mg/ kg/day) or vehicle was infused via osmotic minipumps. Blood pressure (BP) was measured by radiotelemetry or tail-cuff plethysmography (10) . Left ventricular (LV) pressure-volume relationship measurements and echocardiography were performed as described (11) . Cardiac fibrosis was quantified in Picrosirius Red-stained paraffin sections, whereas immunostaining was performed in cryosections. LV homogenate NOX activity was measured using lucigenin-enhanced chemiluminescence (12) .
In vitro leukocyte adhesion to coronary microvascular endothelial cells (CMECs) from TG or wild-type mouse hearts was studied in a flow chamber (13) Endothelial NOX2 overexpression potentiates angiotensin IIinduced cardiac fibrosis. The extent of AngII-induced fibrosis was significantly (w2-fold) greater in TG than in wild-type hearts (Online Fig. 1E ). TG hearts also had significantly higher procollagen I messenger ribonucleic acid (mRNA) expression than did wild-type hearts (Online Fig. 1F ). Representative examples of the fibrosis and myocyte hypertrophy are shown in Figure 1 .
Left ventricular diastolic dysfunction with preserved systolic function in endothelial NOX2 TG mice. TG hearts had significantly lower echocardiographic LV enddiastolic dimensions than did wild-type hearts after longterm AngII infusion (Online Fig. 3 ). However, there were no significant differences in indices such as interventricular septal thickness or ejection fraction. More detailed assessment was undertaken by pressure-volume analysis. Systolic function assessed by end-systolic elastance or LV dP/dt max / end-diastolic volume relation was similar in AngII-treated wild-type and TG groups (Online Figs. 4A and 4B). LV end-diastolic volume increased in wild-type mice after AngII but decreased in TG mice (Online Fig. 4C ). LV endsystolic volume tended to increase in wild-type mice after AngII treatment but fell significantly in TG mice (Online Fig. 4D ). As a result, both stroke volume and stroke work were significantly lower in AngII-treated TG hearts versus wild-type hearts (Online Fig. 4E , Table 1 ). Isovolumic LV relaxation time-constant and LV end-diastolic pressure were similar in wild-type and TG groups (Table 1) . However, LV diastolic stiffness assessed by the end-diastolic pressure volume relationship was significantly higher in AngIItreated TG hearts versus wild-type hearts (Online Fig. 4F ). Although there was no difference in systolic BP, arterial elastance was significantly higher in AngII-treated TG hearts ( 
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Endothelial NOX2 Enhances Cardiac Fibrosis response to preload reduction in wild-type and TG hearts. These findings indicate that TG hearts were smaller and stiffer than were wild-type hearts after long-term AngII treatment, thus indicating a phenotype of isolated diastolic LV dysfunction with preserved systolic function. Endothelial NOX2 enhances myocardial inflammatory cell infiltration. To investigate mechanisms underlying the increased fibrosis in TG, the authors assessed myocardial inflammatory cell infiltration. TG hearts had significantly more CD45
þ inflammatory cells and Mac3 þ cells (macrophages) after AngII infusion than did wild-type hearts (Figs. 2A and 2B, Online Fig. 5 ). AngII treatment increased connective tissue growth factor and osteopontin mRNA levels, but levels were similar in wild-type and TG groups (Online Fig. 6 ). There was no difference between groups in transforming growth factor-beta, tumor necrosis factoralpha, monocyte chemotactic protein-1, or endothelin-1 mRNA levels.
To confirm that the effects of endothelial NOX2 on inflammatory infiltration and fibrosis were ROS dependent, mice were treated with the antioxidant N-acetylcysteine concurrent with AngII infusion. BP and cardiac hypertrophy were similar in wild-type and TG groups treated with N-acetylcysteine (Online Fig. 7) . N-Acetylcysteine markedly reduced CD45 þ cell number in both wild-type and TG AngII-treated groups and prevented the development of fibrosis (Online Fig. 7 ). NOX2 enhances endothelial activation and leukocyteendothelial interaction. We assessed the interaction between inflammatory cells and NOX2-overexpressing ECs in an in vitro adhesion assay under flow conditions. Leukocyte attachment to TG and wild-type CMECs was low at baseline, but after AngII treatment (0.1 mM, 4 h) significantly more leukocytes attached to TG CMECs (Fig. 2C) . TG CMECs had significantly higher vascular cell adhesion molecule-1 (VCAM-1) protein expression than did wild-type CMECs after AngII treatment (Fig. 2D ). In line with this, LV sections of TG hearts treated with long-term AngII infusion had more VCAM-1-positive blood vessels than did wild-type hearts (Fig. 2E, Online  Fig. 8 ). There was no difference in capillary density between TG and wild-type hearts (Fig. 2F) . Inflammatory cell NOX2 is not essential for angiotensin II-induced cardiac fibrosis. Because NOX2 is abundantly expressed in inflammatory cells, the authors investigated whether NOX2 in these cells was required for the profibrotic response to AngII. We used BM transplantation to create chimeric mice with different NOX2 genotypes in BM and resident tissue cells: 1) wild-type recipient mice with wildtype BM (WT:WT); 2) wild-type recipients with BM from global NOX2 knockout mice (KO:WT); 3) global NOX2 knockout mice with wild-type BM (WT:KO); 4) NOX2 TG with TG BM (TG:TG); 5) NOX2 TG with wild-type BM (WT:TG); and 6) wild-type mice with TG BM (TG:WT). Successful alteration of NOX2 genotype after BM transplantation was confirmed by assessing ROS production in recipient BM and peripheral blood mononuclear cells (Online Fig. 9A) .
AngII infusion caused similar increases in BP and hypertrophy among groups (Online Figs. 9B and 9C ). AngIIstimulated cardiac fibrosis was significantly lower in global NOX2 knockout versus wild-type mice, as reported previously (12) (Online Fig. 10 ). WT:WT and KO:WT mice both had fibrosis similar to wild-type mice that did not undergo BM transplantation (Online Figs. 10A and 10B ). In contrast, WT:KO mice had significantly less fibrosis, similar to knockout mice that did not undergo BM transplantation (Online Figs. 10A and B) . Thus, knockout BM (14) . The authors therefore investigated whether enhancing NOX2 activity in ECs affected EMT. Hearts of AngII-treated TG mice had significantly higher levels of fibroblastspecific a-smooth muscle actin and collagen-1 than wildtype, whereas levels of endothelial-specific CD31 were significantly lower (Fig. 3A) . Myocardial sections of AngII-treated TG mice showed increased evidence of EMT, as indicated by co-localization of endothelialspecific and mesenchymal markers, compared with wildtype mice (Fig. 3B) .
To assess the effects of endothelial NOX2 further, the authors studied cultured human aortic ECs with adenovirally mediated overexpression of NOX2 or b-galactosidase control and treated the ECs with AngII. AngII caused a modest increase in fibroblast-specific markers (fibroblastspecific protein-1, a-smooth muscle actin) and a concomitant decrease in endothelial-specific markers (CD31, CD144) in control ECs. This transition from endothelialto fibroblast-specific expression was enhanced in NOX2-overexpressing cells (Fig. 4) . NOX2 overexpression per se caused a small switch from endothelial to fibroblastspecific expression in the absence of AngII. Online Figure 11A shows representative examples of coexpression of endothelial-specific and mesenchymal markers in NOX2-overexpressing cells after AngII treatment. were co-cultured with fibroblasts (see the supplemental Methods section in the Online Appendix). Experiments were performed with and without AngII. No difference was found between the groups in the fibroblast expression of procollagen I mRNA or in markers of myofibroblast transformation (Online Fig. 12 ).
Discussion
We investigated the specific effects of endothelial NOX2 activation on AngII-induced cardiac remodeling and took advantage of a mouse model with endothelium-targeted overexpression of NOX2 (8) . The 2-fold increase in endothelial NOX2 protein in this model has no basal effects but enhances AngII-stimulated increases in NOX2 activity. In the present study, the authors found that in vivo AngIIinduced endothelial NOX2 activation has the following effects: 1) it enhances the development of cardiac fibrosis independent of cardiomyocyte hypertrophy and leads to a phenotype of LV diastolic dysfunction with preserved systolic function; 2) it promotes myocardial inflammatory cell infiltration through increased endothelial expression of VCAM-1 (i.e., endothelial activation), although NOX2 in inflammatory cells is dispensable for the profibrotic effects; and 3) it enhances EMT, which contributes to the cardiac fibrosis. Collectively, these data suggest that NOX2-driven endothelial dysfunction and activation may comprise an important mechanism that promotes cardiac fibrosis and LV diastolic dysfunction in pathological settings of reninangiotensin system activation. Endothelium-cardiomyocyte crosstalk. The cardiac endothelium forms a strategic interface between circulating blood and myocardial tissue. Crosstalk between cardiac ECs and cardiomyocytes plays important roles in normal cardiac development (3, 4) . The cardiac endothelium also influences contractile function in the adult heart (e.g., through paracrine factors such as nitric oxide and endothelin) (2) . Reciprocal signaling between cardiomyocytes and the myocardial microvasculature has been found to be important during chronic pressure overload. For example, signaling from ECs to cardiomyocytes through the neuregulin-1-ErbB2 axis promotes cardiomyocyte survival during pressure overload (15) , and angiogenic factors released by cardiomyocytes in the chronically overloaded heart regulate myocardial capillary density (11, 16) . Although these study results support the potential for endothelial dysfunction to affect cardiomyocyte growth, survival, and contractile function, the effects on cardiac fibrosis in the heart under stress are unclear. Proinflammatory effects of endothelial NOX2. Here, we demonstrate that endothelial dysfunction has a profound ROS-dependent impact on the development of cardiac fibrosis, independent of cardiomyocyte hypertrophy. One mechanism underlying these effects may be the proinflammatory properties of activated endothelium. The healthy endothelium is anti-inflammatory and antithrombotic, but in pathological settings such as renin-angiotensin system activation, it becomes activated and promotes increased interaction with circulating inflammatory cells (17) . Previous studies suggested that NOX2 is involved in cytokine-and AngII-induced EC activation and the expression of adhesion molecules such as VCAM-1 (18,19) , as well as in Murdoch et al. June 24, 2014 June 24, :2734 Endothelial NOX2 Enhances Cardiac Fibrosis enhanced monocyte binding to ECs under oscillatory shear stress (20) . Here, we found that NOX2-overexpressing CMECs had a larger increase in VCAM-1 expression after AngII stimulation than did wild-type CMECs, which were associated with greater endothelial-leukocyte adhesion in an in vitro flow assay. Consistent with a similar proinflammatory action in vivo, TG myocardium had more VCAM-1-positive blood vessels and inflammatory cells after AngII treatment than did wild-type myocardium. These results clearly indicate that AngII-induced endothelial NOX2 activation augments an inflammatory response in the heart in vivo. Whether other cell types (e.g., vascular smooth muscle cells, pericytes) are also involved is an interesting question.
In addition to ECs, NOX2 is abundant in inflammatory cells, where it is suggested to contribute to oxidative stress (e.g., in atherosclerosis) (21) . NOX2 activation in inflammatory cells is involved in AngII-induced vascular hypertrophy (22) . It was therefore possible that NOX2 activation in infiltrating inflammatory cells (as well as the endothelium) might be important in the development of cardiac fibrosis. To dissect the specific contribution of inflammatory cell NOX2 activation, we generated chimeric mice in which the BM consisted of NOX2-competent or NOX2-deficient cells. This series of studies demonstrated that NOX2 activation in infiltrating inflammatory cells is dispensable for the development of AngII-induced fibrosis and that it is NOX2 in recipient heart cells that is essential for the profibrotic effects. This result suggests that although NOX2 may be important for certain functions of inflammatory cells (e.g., phagocytosis, low-density lipoprotein oxidation in atherosclerosis [21] ), it is not essential for all functions and is dispensable in the setting of AngII-induced cardiac disease. Role of endothelial-mesenchymal transition. Another mechanism by which endothelial dysfunction may promote cardiac fibrosis is through EMT. The transition of epithelial cells and ECs to a mesenchymal phenotype is well recognized to be important in cardiac development. In a landmark study, Zeisberg et al. (14) showed that EMT makes a significant contribution to pathological cardiac fibrosis during chronic pressure overload. EC production of endothelin-1 has also been reported to contribute to EMT in the diabetic heart (23). We therefore investigated whether endothelial NOX2 activation affects EMT. We found evidence of significantly increased EMT in TG hearts after long-term AngII treatment as compared with wild-type hearts. More definitive evidence that endothelial NOX2 promotes EMT was obtained in cultured ECs in which NOX2 significantly enhanced the transition from endothelial to fibroblast phenotype after AngII treatment. These results strongly suggest that a NOX2-dependent increase in EMT may be a crucial mechanism that enhances cardiac fibrosis in response to long-term AngII treatment.
We also tested the possibility that paracrine effects of ECs on fibroblasts (e.g., through the direct effects of ROS released by ECs) may contribute to fibrosis. In vitro co-culture experiments with ECs and fibroblasts did not provide evidence in support of this possibility. However, a possible contribution of such a mechanism in vivo cannot be excluded. Isolated diastolic dysfunction. A striking functional consequence of endothelial NOX2 overexpression on the response to chronically elevated AngII was a phenotype of LV diastolic dysfunction with preserved systolic function, thus resulting in smaller and stiffer hearts and reduced stroke volumes in TG mice compared with wild-type mice. This finding was documented in TG mice by the gold standard method of in vivo pressure-volume analysis, which demonstrated significantly increased LV diastolic passive stiffness in the AngII-treated TG group versus the wild-type group, whereas load-independent indices of systolic function were similar in the two groups. Study limitations. We found no significant difference between the groups in parameters of active LV relaxation (e.g., the isovolumic relaxation time-constant), and this finding suggested that cardiomyocyte relaxation was probably similar in the two groups. This contractile dysfunction phenotype is consistent with, and fully explainable by, the increased fibrosis observed in the TG group independent of differences in cardiomyocyte hypertrophy. The use of an endothelium-targeted transgenic model allowed the authors to study the role of endothelial dysfunction and activation independent of other changes that occur in the remodeling heart during increased renin-angiotensin system activation. As mentioned earlier, NOX2 is also expressed in cardiomyocytes, and previous studies in cultured cells and in vivo models showed that cardiomyocyte NOX2 activation may contribute to the development of AngII-induced cardiac hypertrophy (12) . No difference was found in the extent of hypertrophy between wild-type and TG groups in the current study, consistent with the finding that NOX2 was overexpressed specifically in ECs. Therefore, the phenotype of diastolic LV dysfunction with preserved systolic function found in the current model was the consequence specifically of endothelial dysfunction and activation.
Conclusions
The clinical syndrome of heart failure with preserved ejection fraction is currently receiving significant attention because of the high prevalence of the condition, controversy regarding its etiology and pathogenesis, and the lack of effective therapies (24) . Although simple extrapolations cannot be made from the current study in a murine model to the clinical setting, the occurrence of a contractile dysfunction phenotype that apparently closely resembles the cardiac dysfunction found in human heart failure with preserved ejection fraction is of great interest. It is notable that previous human studies suggested that inflammation contributes to enhanced fibrosis in such patients (25) , consistent with the findings of increased inflammatory cell infiltration, fibrosis, and diastolic dysfunction in our study. The current results raise the intriguing possibility that endothelial dysfunction and activation, as well as downstream pathways such as inflammation and EMT, may be important mechanisms contributing to the development of heart failure with preserved ejection fraction. If so, this could provide new therapeutic options to tackle this prevalent condition.
